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31. Introduction
Acidification of surface waters by acidic deposition has been considered an important ecological
problem in northern Finland (e.g. Kämäri 1986, Kinnunen 1990, Tuovinen et al. 1990) and Norway
(Langeland et al. 1993, Nøst et al 1997). It also has been recognized that north-eastern Finland
receives elevated sulphur and acid loadings compared to other parts of northern Finland (Tuovinen
et al. 1990). Joint investigations in the early 1990's revealed numerous acidified and heavy metal
polluted lakes in the joint border areas (e.g. Traaen et al. 1991, Traaen et al. 1992, Arnesen et al.
1996, Moiseenko 1995, Steinnes et al. 2000, Dauvalter and Rognerud 2001). The impact is greatest
at Russian and Norwegian localities in the vicinity of the Pechenganikel mining and smelter
complexes on the Russian side of the border, but effects are also visible on the Finnish side
(Mannio 2001). A recovery of lakes from acidification in Finland, Norway and Sweden has also
been reported (Skjelkvåle et al. 2001, Tammi et al. 2003). Water quality monitoring in eastern
Finnmark, Norway, has shown, however, that heavy metal concentrations in the lakes remained
relatively high during the 1990s (SFT 2001).
The main objective of this study was to obtain an overview of the current effects of airborne
pollution from the Pechenganikel smelters on the water quality of small lakes and streams. The
results of the study have been utilized in drawing up recommendations for a future joint monitoring
programme.
Factors affecting water chemistry
The chemical composition of surface waters is mainly determined by the contribution of ions
derived from atmospheric deposition and from weathering and ion exchange reactions in the soil in
the catchment area. The chemical composition of precipitation is dependent on the distance to the
sea, emissions from anthropogenic pollution sources and the amount of soil dust in the atmosphere.
A number of processes taking place in the catchment affect the chemistry of the water running off
into surface waters. These processes are both biological (microbial activity, nutrient uptake by
plants, decomposition) and chemical (weathering, ion exchange reactions etc.).
The processes taking place in the soil are related to catchment characteristics such as geology,
hydrology, soil thickness and the type of soil and vegetation. For example, soil thickness is
important because it regulates the contact time between water and solid material in the soil. A thick
soil allows a longer contact time, and thus water runoff from catchments with a thick soil cover
usually has higher concentrations of ions than the water from catchments with thin, patchy soils.
The type of soil is also important. Soils with a high organic matter content, such as those occurring
in wetland areas, have a high input of weak organic acids into the lakes (Henriksen et al. 1997).
The concentration of heavy metals in surface waters is dependent on several factors: atmospheric
deposition from anthropogenic activities and local emission point sources, and the natural
contribution from the bedrock and soils and from soil dust. In addition, the conditions in the
catchment have an important effect on the mobility and availability of heavy metals in water
(Skjelkvåle et al. 1999).
2. Materials and methods
Study area
4The study area is located in the joint Finnish, Norwegian and Russian border area, and the
reference areas in Pallas (Finland) and in Norway (Fig. 1). A total of 85 lakes and 18 streams or
small rivers were included in the water quality study, but some of the lakes were excluded from the
statistical analysis because they were located outside the selected sub-areas. The lakes and streams
included in the statistical analyses were grouped into 6 sub-areas that were mainly determined on
the basis of the distance from the smelters and also on geological and topographic features:
1. Pechenganickel
2. Jarfjord - Sør - Varanger
3. Paz River valley
4. Vätsäri
5. Raja-Jooseppi
6. Reference areas in Finland (Pallas) and Norway
Figure 1. Location of the studied lakes and rivers, and the six sub-areas.
The lakes and streams are located at different altitudes, ranging from ca. 100 m to above 300 m
a.s.l. (Appendix 1, data are missing for most of the Norwegian lakes), and in different
environments ranging from forested areas to open mountain areas. Small headwater lakes are
considered to be the most sensitive to acidification (Mannio 2001). In this study, most of the lakes
were small with an area of less than 0,5 km2, but there were also larger lakes that were mainly
included in the sediment or sedimentation studies. (Appendix 1, there were no data available about
the size of the lakes in Norway). Lakes include both headwater and drainage lakes, as well as
closed lakes.
5Data and analyses
The data for this study were obtained from the Lapland Regional Environment Centre in Finland,
INEP which sampled lakes and rivers both in Russia and in Norway, and from NINA in Norway.
The data were mainly collected from ongoing monitoring programmes and supplemented with data
from other water sub-projects (mainly zoobenthos and fish studies). In this study the current state
of the water quality was estimated on the basis of the mean water quality in summer and autumn
(June - October) samples collected during 2001 - 2005 (in some cases 2000 - 2005). Only surface
(? 1 m) samples from lakes were included. There were also sufficient data from part of the lakes
and streams to analyze the differences in water quality between the periods 1991 - 1995 and 2001 -
2005. Mean water quality in samples from summer and autumn (June - October) was also analyzed
for the period 1991 - 1995.
There were slight differences in the variables analyzed in the individual monitoring programmes
and sub-projects. In some cases, for example, chloride was not analyzed which meant that non-
marine base cations (BC*) and sulphate (SO4*) concentrations could not be calculated. The
monitoring of small lakes and streams was originally primarily designed to determine the effects of
acidification but, in recent years, heavy metals have also been analyzed in most of the areas. Heavy
metal concentrations were not included in the data received from NINA. The parameters utilized in
this study are listed in Table 1.
Table 1. Variables used in the water quality study.
Variable Abbreviation Unit
Conductivity Cond mS m-1
Total organic carbon TOC mg l-1
Total phosphorus TOT P µg l-1
Total nitrogen TOT N µg l-1
Nitrate NO3-N µg l-1
pH
Alkalinity Alk µeq l-1
Non-marine base cations BC* = Ca*+Mg*+Na*+K* µeq l-1
Non-marine sulphate SO4* µeq l-1
Chloride Cl µeq l-1
Total aluminium Al µg l-1
Arsenic As µg l-1
Cadmium Cd µg l-1
Chromium Cr µg l-1
Copper Cu µg l-1
Iron Fe µg l-1
Manganese Mn µg l-1
Nickel Ni µg l-1
Lead Pb µg l-1
Zinc Zn µg l-1
The water quality samples were analyzed in the laboratories of the Lapland Regional Environment
Centre and the Finnish Environment Institute SYKE in Finland, INEP in Russia and in NINA in
Norway using the same methods as those used by NIVA. Standardised methods were used
(Appendix 2). The comparability and quality of the analyses performed by the individual
laboratories were investigated in separate ring tests.
6Differences between the means of water quality variables in the six sub-areas were first analyzed
by descriptive statistics and box-plots, and normality was tested by the Kolmogorov - Smirnov and
Shapiro - Wilk normality tests. Differences between the means were tested by one-way analysis of
variance (ANOVA) and the non-parametric Kruskal - Wallis test. In the case of statistically
significant difference (p < 0,05), multiple comparisons were performed by Tukey's test although
not all of the variables were normally distributed and there were also differences in the variances.
Differences between the means of water quality variables for two sampling periods were tested by
the paired T-test.
3. Results
Overall water quality
The overall water quality in recent years (2001 - 2005) is investigated using point maps of the
mean concentrations of total organic carbon, non-marine base cations, non-marine sulphate,
alkalinity, pH, copper and nickel (Figs. 2 - 8). Levels and significance of total phosphorus, total
and nitrate nitrogen and aluminium in the area is also discussed.
Total organic carbon (TOC)
The TOC concentrations were, in general, higher in the low-lying areas along the Paz River valley
and in the forested areas (most frequent values 5 - 8 mg C l-1) than in the open mountain areas
(most frequent values 2 - 5 mg C l-1, Fig 2). TOC values reflect the proportion of organic soils in
the catchment and thus the concentration of weak organic acids in the water.
Figure 2. Mean total organic carbon (TOC) mg C l-1 in all the lakes and rivers in the years 2001 -
2005.
7Total phosphorus (TOT P)
The majority of the lakes and streams were oligotrophic, with mean TOT P concentrations of less
than 10 µg l-1, and in 37 % of the sites less than 5 µg l-1. The TOT P concentration is usually
related to the TOC concentration, because the transport of phosphorus is associated with the
dissolution of humus material in the catchment, especially in northern areas where fertilized
agricultural soils are rare. A similar relationship was found in the lakes and streams of this study,
although not very clearly because the TOT P concentrations were relatively low in most of the sites
despite the somewhat elevated TOC concentrations.
Nitrogen
In northern areas, sulphate is a much important acidifying compound in deposition compared to
nitrogen compounds. Most of the deposited nitrogen is taken up by the vegetation, and the nitrate
concentration in runoff water is therefore low in areas not impacted by human activities. If the
deposition of nitrogen exceeds the retention capacity of the catchment, then the excess nitrogen
will usually leach out as nitrate and acidify the lake water in the same way as sulphate (Henriksen
et al. 1998). The nitrate concentrations in the lakes and rivers were generally very low. More than
90 % of the sites had NO3-N concentrations of less than 1 µeq l-1. It is therefore clear that nitrogen
deposition does not make a significant contribution to the acidification of the lakes and streams in
the area.
The total nitrogen (TOT N) concentration in the sites was also generally low and represented
oligotrophic conditions. About 60 % of the sites had a TOT N concentration of less than 200 µg l-1,
and more than 94 % of the sites had less than  400 µg l-1.
Base cations
The highest concentrations of non-marine base cations occurred near the Pechenganickel smelters
(Fig. 3) and the lowest values on the Finnish side of the border and in the Jarfjord area in Norway.
The areas with the highest base cation concentrations corresponded to areas with basic bedrock
(Pietilä et al. 2006). Low base cation concentrations, indicating the greatest sensitivity to
acidification, were found especially in the Vätsäri and Jarfjord areas.
Sulphate
The impact of the Pechenganickel smelters was clearly seen in the non-marine sulphate
concentrations in the lakes and rivers (Fig. 4). The highest sulphate concentrations were found near
the smelters and the lowest values on the Finnish side. Sulphate is, in general, a relatively mobile
anion, which means that almost all of the sulphate in deposition is transported through catchments.
There is little or no net storage of sulphate in catchments (with the exception of peatlands).
Therefore, sulphate anions move through catchments and transport equivalent concentrations of
cations.
Alkalinity and pH
The buffering capacity (alkalinity) of natural waters is usually determined as the bicarbonate
(HCO3-) concentration in waters. Alkalinity is closely related to the properties of the soil in
catchments, in particular to the weathering and ion-exchange processes, in which base cations and
bicarbonate are released. The alkalinity of surface waters is also influenced by acidic deposition
and humic acids (anions of weak organic acids).
8Figure 3. Mean non-marine base cations (BC*) µeq l-1 in all the lakes and rivers in the years 2001 -
2005.
Figure 4. Mean non-marine sulphate (SO4*) µeq l-1 in all the lakes and rivers in the years 2001 -
2005
9Figure 5. Mean alkalinity (ALK) µeq l-1 in all the lakes and rivers in the years 2001 - 2005.
Figure 6. Mean pH in all the lakes and rivers in the years 2001 - 2005
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An alkalinity value, or more precisely acid neutralizing capacity (ANC), of 20 µeq l-1 has been
taken as the critical value for fish in surface waters (Henriksen et al 1990, Henriksen et al 1997).
Some of the lakes and streams scattered around the area had a low alkalinity (alk < 20 µeq l-1) (Fig.
5). If we consider sites where alkalinity is < 50 µeq l-1, then there are more weakly buffered lakes
in the Jarfjord and Vätsäri areas especially. There were also some low alkalinity lakes in Raja-
Jooseppi, as well as in Pallas which is the reference area in Finland. The reason for the low
alkalinity values in some of the lakes in these areas is the high concentration of humus compounds.
Only a few of the sites had a mean pH of less than 5,5 or even less than 6,0 (Fig. 6). In most of the
lakes and rivers the mean pH was between 6,5 - 7,0. Only one lake in Jarfjord and one in Sør -
Varanger (Brännfjället) had a pH of less than 6,0. In Raja-Jooseppi and Pallas there was one lake
in each area where the pH was less than 6,0. The acidity in these lakes is due to the relatively high
concentrations of weak organic acids.
Aluminium
The total Al concentration has been measured rather regularly in the lakes and rivers. In the
majority of the lakes and rivers the total Al concentration was relatively low: less than 50 µg l-1 in
more than 65 % of the sites. Only in 5 % of lakes and rivers was the total Al concentration between
80 - 100 µg l-1, and in these sites the concentration of TOC was also higher. Labile Al has been
analyzed in some of the lakes in Finland and in the Jarford area. In the Finnish lakes the mean
labile Al  concentration  during the period 2000 - 2005  was 8 µg l-1 and the maximum value 20
µgl-1. In the Jarfjord lakes the mean labile Al concentration was 5 µg l-1 and the maximum value 16
µg l-1.
The toxicity of Al is directly related to the pH value. This metal is soluble and biologically
available in acidic (pH < 5,5) soils and waters, but relatively non-toxic in circumneutral (pH 5,5 -
7,5) conditions. Once in solution, however, Al may form organic complexes with e.g. humic acids,
or combine with inorganic anions including sulphate, fluoride, phosphates, bicarbonate or
hydroxide. The biological activity and toxicity vary depending on the Al species formed (Sparling
and Lowe 1996). According to field studies in Norway (Rosseland et al 1990), the toxic level of
labile Al has been defined as 25 - 75 µg l-1, depending on other environmental factors such as pH,
and the specific organisms and their development state (Wilander 1999).
Copper and nickel
The impact of the Pechenganickel smelters was clearly evident in the Cu and Ni concentrations
(Figs. 7 and 8). There were high concentrations of Cu (> 3 µg l-1) and Ni (> 15 µg l-1) in the lakes
close to the smelters, and the concentrations decreased with increasing distance from the smelters.
The lakes and rivers with high Cu and Ni concentrations were located within a 30 km zone around
the smelters.
On the Finnish side, close to the border, there were also somewhat elevated Cu and Ni
concentrations especially in the Vätsäri area. Cu and Ni concentrations are also dependent on the
chemical composition of the bedrock, which is the major regulating factor in areas that are not
influenced by the direct atmospheric deposition of heavy metals (Skjekvåle et al. 1999).
11
Figure 7. Mean copper (Cu) µg l-1 in all the lakes and rivers in the years 2001 - 2005.
Figure 8. Mean nickel (Ni) µg l-1 in all the lakes and rivers in the years 2001 - 2005.
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Differences between the areas
Differences between the mean TOC, total phosphorus, BC*, SO4*, alkalinity, pH, Al, As, Cd, Cr,
Cu, Ni, Fe, Mn and Zn concentrations in the individual sub-areas were tested. According to
ANOVA, there were significant differences between the sub-areas for almost all the variables
except Al and Mn. The non-parametric Kruskal - Wallis test also showed small differences (p<
0,05) for these variables, but there were no differences for Mn when the Tukey's test was used.
The clearest and most significant differences between the sub-areas were for BC*, SO4*, alkalinity,
As, Cu and Ni, but there were also differences for TOC, total phosphorus, pH, Al, Cd, Cr, Fe and
Zn (Figs. 9 - 10 and Table 2). There were significantly higher values of non-marine base cations
(BC*) in the Pechenganickel area (1) compared to the other areas. The sulphate (SO4*)
concentrations in Pechenganickel were also higher, but statistically significant differences were
only found between Pechenganickel (1) and Jarfjord - Sør - Varanger (2), the Paz River valley (3)
and Vätsäri (4). There were some extremely high BC* and SO4* concentrations in the
Pechenganickel area. The lakes Haukilampi (46), LN-2 (42) and Velikjampjanjarvi (49) had
extremely high BC* and SO4* values.
The lowest alkalinity values occurred in Jarfjord - Sør - Varanger (2) and Vätsäri (4), and the
highest in Pechenganickel (1) and the Paz River valley (3). The differences between these areas
were significant (Table 2). The pH was lower in Jarfjord - Sør - Varanger (2) than in
Pechenganickel (1) or the Paz River valley (3).
The highest TOC concentrations occurred in the Paz River valley (3), Raja-Jooseppi (5) and the
reference areas (6), and the lowest in Jarfjord - Sør - Varanger (2) and Vätsäri (4). The differences
between these areas were significant, and the TOC concentrations in the Paz River valley (3) were
higher than those in Pechenganickel (1).
The strongest differences for total phosphorus were between the highest concentrations in the
reference areas (6) and the lowest concentrations in the Jarfjord - Sør - Varanger (2) and Vätsäri
areas (4). There are also weak differences between Pechenganickel (1) and areas with the lowest
concentrations.
The only difference for Al was the weak one between Pechanganickel (1), with the lowest
concentrations, and Raja-Jooseppi (5) with the highest concentrations. The clearest and also the
most significant differences for other metals were for Cu and Ni. The concentrations of these
metals and As were significantly higher in Pechenganickel (1) compared to the other areas. There
was a clear decreasing gradient in Cu and Ni concentrations running from the Pechenganickel area
due to emissions from the Pechenganickel smelters. Similar, but less clear differences were found
for Cd, Cr and Zn, the concentrations of which were the highest in Pechanganickel (1) and the Paz
River valley (3). The concentrations of Fe and total phosphorus appeared to correlate with each
other, and the differences between the areas were also similar. Both of these variables are usually
strongly related to the amount of organic humic substances in waters. A similar relationship was
also found in the lakes and rivers (Figs. 9 and 10), but it was not completely consistent. The TOC
concentration in the Paz River valley was relatively high compared to the concentrations of total
phosphorus and Fe.
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Table 2. Mean values of the most important water quality variables and statistically significant
differences between the sub-areas (Tukey's test * ? 0,05, ** < 0,01, *** < 0,001).
TOC mg l -1 TOT P µg l
-
1
Area Mean 1 2 3 4 5 6 Area Mean 1 2 3 4 5 6
1 4,08 1 7,21
2 2,65 2 4,66 *
3 5,97 ** *** 3 6,03
4 2,96 *** 4 4,88 *
5 5,72 *** *** 5 6,88
6 4,87 ** ** 6 9,04 *** * ***
BC* µeq l -1 SO 4*µeq l
-
1
Area Mean 1 2 3 4 5 6 Area Mean 1 2 3 4 5 6
1 738 1 560
2 126 ** 2 68 *
3 264 * 3 60 *
4 104 *** 4 37 **
5 139 * 5 33
6 193 * 6 48
Alk µeq l -1 pH
Area Mean 1 2 3 4 5 6 Area Mean 1 2 3 4 5 6
1 185 1 6,83
2 53 *** 2 6,38 **
3 197 *** 3 6,85 *
4 61 *** *** 4 6,60
5 89 5 6,36
6 143 6 6,64
Al µg l -1 As µg l
-
1
Area Mean 1 2 3 4 5 6 Area Mean 1 2 3 4 5 6
1 30 1 0,59
2 42 2 0,20 ***
3 43 3 0,15 ***
4 38 4 0,10 ***
5 60 * 5 0,08 ***
6 38 6 0,18 ***
Cd µg l -1 Cr µg l
-
1
Area Mean 1 2 3 4 5 6 Area Mean 1 2 3 4 5 6
1 0,09 1 0,32
2 0,04 *** 2 0,18 **
3 0,07 3 0,28
4 0,02 *** ** 4 0,15 *** **
5 0,02 *** 5 0,25
6 0,03 *** 6 0,17 **
Cu µg l -1 Ni µg l
-
1
Area Mean 1 2 3 4 5 6 Area Mean 1 2 3 4 5 6
1 10,5 1 80,5
2 2,3 *** 2 5,4 ***
3 1,6 *** 3 2,0 ***
4 1,1 *** 4 1,2 ***
5 0,6 *** 5 0,6 **
6 0,5 *** 6 0,3 ***
Fe µg l -1 Zn µg l
-
1
Area Mean 1 2 3 4 5 6 Area Mean 1 2 3 4 5 6
1 117 1 5,0
2 35 ** 2 1,5 *
3 93 3 2,0
4 43 ** 4 0,8 ***
5 59 5 1,3
6 163 ** ** 6 1,8
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Figure 9. The medians and quartiles (25 % and 75 %) of the concentrations of TOC, total
phosphorus, BC*, SO4*, alkalinity and pH in the different sub-areas.
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Figure 10. The medians and quartiles (25 % and 75 %) of the Al, As, Cd, Cr, Cu, Ni, Fe and Zn
concentrations in the different sub-areas.
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Differences between the years
There were sufficient data from part of the lakes and streams to analyze the differences in water
quality between the periods 1991 - 1995 and 2001 - 2005 (in some cases 2000 - 2005). As there
were more data available for Vätsäri than for the other areas, the Vätsäri results can be
considered to be the most reliable. The values for TOC, total phosphorus, BC*, SO4*,
alkalinity, pH and Al, and in some areas also Cu and Ni, were tested.
Precipitations in June - October, including annual precipitation for 1991 - 2005, recorded at the
Nellim weather station are presented in Figure 11. The year 1992, and especially summer 1992,
was very wet and there was more between-year variation in the period 1991 - 1995 than in 2001
- 2005 (or 2000 - 2005). Winter precipitation in 2005 was relatively higher than in the previous
years, and this may have had an effect on summer water quality. The mean precipitation values
between the periods 1991 - 1995 and 2001 - 2005 were, however, very similar. During 1991 -
1995 the mean precipitation in June - October was 310 mm and the mean annual precipitation
503 mm, and the corresponding values in 2001 - 2005 were 297 mm and 487 mm.
Figure 11. Precipitation in June - October and annual precipitation during the period 1991 -
2005 recorded at the Nellim weather station.
There were no significant differences between the sampling periods In Pechenganickel (1) and
in the reference areas (6). In the Paz River valley (3) there was an increase in TOC and Al
concentrations between the periods 1991 - 1995 and 2001 - 2005, and a weak decrease in pH
(Table 3). This could be explained by the hydrological conditions, which may be different in the
Paz River valley compared to the Lake Inari area, where the Nellim weather station is located.
There was a clear difference in the variables reflecting acidification in Vätsäri (4). The non-
marine sulphate and base cation concentrations have decreased and the alkalinity increased
between the periods 1991 - 1995 and 2001 - 2005. These changes reflect a recovery from
acidification. The total phosphorus concentrations have also increased even though there was no
difference in the TOC concentration. In Raja-Jooseppi there was a weak increase in the
alkalinity values and Ni concentrations.
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Table 3. Mean values of the water quality variables during the period 1991 - 1995 (period 1)
and the period 2001 - 2005 (period 2), the number of observations (N) and the statistical
significance of the difference between the periods. n.s. = not significant.
Paz River valley
Variable Period 1 Period 2 N Sig.
TOC mg l-1 6,2 7,6 3 **
TOT P µg l-1 13,3 7,0 3 n.s.
pH 6,77 6,62 3 *
Alk µeq l-1 147 131 3 n.s.
BC* µeq l-1 204 194 3 n.s.
SO4* µeq l-1 63 49 3 n.s.
Al µg l-1 31 74 3 *
Cu µg l-1 1,25 1,74 3 n.s.
Ni µg l-1 2,02 1,57 3 n.s.
Vätsäri
Variable Period 1 Period 2 N Sig.
TOC mg l-1 3,3 3,0 21 n.s.
TOT P µg l-1 3,5 4,8 21 ***
pH 6,58 6,56 21 n.s.
Alk µeq l-1 38 50 21 ***
BC* µeq l-1 109 100 21 *
SO4* µeq l-1 48 36 21 ***
Al µg l-1 35 39 21 n.s.
Cu µg l-1
Ni µg l-1
Raja-Jooseppi
Variable Period 1 Period 2 N Sig.
TOC mg l-1 5,3 5,5 6 n.s.
TOT P µg l-1 5,9 6,6 6 n.s.
pH 6,28 6,30 6 n.s.
Alk µeq l-1 65 82 6 *
BC* µeq l-1 132 130 6 n.s.
SO4* µeq l-1 35 29 5 n.s.
Al µg l-1 57 59 6 n.s.
Cu µg l-1 0,27 0,43 5 n.s.
Ni µg l-1 0,33 0,57 5 *
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Trends in Vätsäri
In Vätsäri 14 mainly small lakes have been sampled almost every autumn between 1991 - 2000
and in 2005, and 5 of them also in the years 2001 - 2004. In 2005, Cl results were missing from
8 lakes, which prevented the calculation of non-marine base cations and sulphate.
There was a clear decreasing trend in the SO4* concentration (Fig. 12), indicating a decline in
atmospheric sulphur deposition. A similar, but less pronounced trend was also seen in BC*. The
leaching of BC* from the catchment has decreased at the same time as sulphur deposition has
declined. Alkalinity of the Vätsäri lakes has increased as a result of the decrease in sulphur
deposition. In some of the lakes there were negative alkalinity values in the beginning of the
1990's but, in recent years, the minimum values have been about 10 - 15 µeq l-1. The pH levels
have also increased slightly, but strengthening of the buffering capacity is in an early stage and
it is not yet very clearly reflected in the pH level.
Figure 12. Mean, minimum and maximum values of non-marine sulphate (SO4*), base cations
(BC*), alkalinity and pH in the Vätsäri lakes between 1991 - 2005. The linear regression line,
its equation and correlation coefficient are also given.
Episodic pH decline in stream Puollimvarrioja
One stream, Puollimvarrioja (F = 1,0 km2), in the northernmost corner of Vätsäri, was sampled
intensively during the period 2000 - 2005. However, the sampling was sufficiently intensive
only in spring 2000, 2001 and 2005 to describe properly the situation before (base flow) and
during maximum flow. The water quality of Puollimvarrioja is highly dependent on the
hydrological conditions. The concentrations of base cations (BC*) and alkalinity are at their
highest during low flow periods, when the runoff water is mainly derived from deeper mineral
soil horizons and the groundwater zone with a longer water residence time. The BC*
concentrations declined rapidly from a base flow level of about 300 µeq l-1 to near or under 100
µeq l-1 in peak flow situations (Fig. 13).
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Figure 13. Seasonal variation of SO4*, BC*, alkalinity, pH, TOC, total phosphorus, Al, Cu and
Ni in Puollimvarrioja stream in the years 2000 - 2005.
The SO4* and other acidifying compounds accumulated in snow are released during the initial
stages of melting (Johannessen and Henriksen 1978). In Puollimvarrioja there was a slight
increase in the SO4* concentration in spring 2000 and 2005, before a rapid decline with
increasing flow. During high flow humus compounds (TOC), i.e. weak organic acids, are
leached from the upper soil horizons. In Puollimvarrioja the maximum TOC concentrations
during peak flow were, on the average, 5 times greater than those during base flow. As a result
of these events and also because of dilution by snow melt water, the alkalinity and pH declined
to their lowest level during high flow. In Puollimvarrioja the decline in pH was about 0,5 - 1,0
units during spring flood. The lowest pH value was 5,7 and alkalinity 41 µeq l-1.
20
Bishop et al (2000) and Laudon et al (200) have presented and tested a model to separate the
natural and anthropogenic components of spring flood pH decline. They used the dilution of
base cations during spring flood as a measure of the dilution of the natural acid neutralizing
capacity (ANC). They calculated the dilution index (DI) as the ratio between the BC*
concentration during peak flow and the average base flow concentration preceding spring melt.
In Puollimvarrioja the dilution index was relatively low. Therefore natural dilution of the
buffering capacity seems to play an important role in depressing the spring melt buffering
capacity (Fig. 14). However, the dilution of SO4* was less than that of BC*, which suggest that
the SO4* deposition load during winter has an influence on stream water chemistry. The
contribution of organic acids, natural dilution and SO4* to the spring flood pH decline cannot be
determined without using a model, which was not possible during this study.
Fig. 14. Average dilution (DI) of BC* and SO4* (ratio between peak flow and the average
baseflow concentration).
Some elevated total Al concentrations occurred during spring flood (Fig. 13). On a few
occasions the total Al concentrations were above 100 µg l-1 and the maximum values between
150 - 200 µg l-1. Other metal concentrations were not abnormally high during the spring flood.
However, there were some elevated, but still relatively low concentrations of Cu and Ni during
high flow (Fig. 13).
4. Discussion and conclusions
Some of the observed differences and changes in water quality reflect the influence of the
Pechenganickel smelters. The most clear and significant impact was the high concentrations of
Cu  and Ni in lakes near the smelters. The areas with high Cu and Ni concentrations are located
within a distance of less than 30 km around the smelters. Although the Cu and Ni
concentrations decreased with increasing distance from the smelters, there were somewhat
elevated levels also close to the border on the Finnish side.
According to the Swedish water quality criteria, harmful biological effects may occur in
sensitive waters if the Cu concentration exceeds 3 µg l-1 or the Ni concentration exceeds 15 µg
l-1 (Alm et al 1999). Accumulation of metals in the organs and tissues of fish and abnormal fish
pathologies have been reported close to the smelters, and this has been attributed to high metal
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emissions, especially Cu and Ni (Moiseenko et al 1995, Moiseenko and Kudryatseva 2001 and
Lukin et al 2003). Moiseenko et al (1995) presented critical levels for Ni and Cu concentrations
in lake waters based on the occurrence of fish diseases. The critical levels in well-buffered
waters (ANC > 200 µeq l-1) were 8 µg l-1 for Cu and 20 µg l-1 for Ni. In this study the
concentrations in a total of 8 lakes exceeded the critical levels for Cu, and in 12 lakes and 2
small rivers for Ni.
There was a weak increasing trend in the Ni concentration in the lakes in the Raja-Jooseppi
area. These lakes have more organic soils in their catchments, and there was also a weak, but
not statistically significant increase in the TOC concentration. The mobility of Ni is known to
be higher than that of many other metals, and organic compounds like fulvic and humic acids
increase the solubility of Ni, possibly leading to higher concentrations of Ni when the TOC
concentration increases.
Although SO2 emissions from the Pechenganickel smelters have decreased to approximately
one third of the maximum levels in the late 1970s, there is still a clear impact of sulphur
deposition in the region. The non-marine sulphate concentrations in the lakes and rivers in the
Pechenganickel area are substantially higher than those in the other areas. Despite the high
sulphate concentrations, the lakes and rivers in the Pechenganickel area are well-buffered and
are not suffering from acidification. According to Pietilä et al (2006), the bedrock in the
Pechenganickel area is basic and contains relatively high amounts of base cations. Thus, despite
the high sulphur deposition, there have been enough base cations in the catchment to prevent
acidification. This can be seen in the water quality: lakes with high sulphate concentrations also
have high concentrations of base cations and alkalinity. Another explanation for the high base
cation concentrations and buffering capacity near the smelters is that the smelters have
ineffective control of particle emissions, which has led to the deposition of alkaline ash
(Moiseenko 1995, Reinman et al 1999). Dust from the local mining activities may also be a
source of base cations (Kashulina et al 2003).
There were more weakly buffered lakes in the mountain areas of Jarfjord and Vätsäri.
According to a geological survey of the Paz River catchment (Pietilä et al. 2006), the most acid-
sensitive soils mainly occur in the granite gneiss area on the Finnish side, and especially in
Vätsäri, where there is a high aluminium to base cation ratio. In Jarfjord the soil is not
geochemically especially acid-sensitive, but it is very thin and rocky, as is the case in Vätsäri
and Sør - Varanger east from Vätsäri. Jarfjord and Sør - Varanger are situated close to Russian
border and are therefore subjected to relatively high sulphur deposition. There has earlier been
more acidified lakes in the Jarfjord area, but they have since recovered from acidification due to
the substantial reduction in sulphur deposition (Hesthagen et al. 2006). The same kind of
recovery from acidification was observed in the Vätsäri lakes, and it has also earlier been
documented in a more extensive study on headwater lakes in Finland (Mannio 2001) and also in
the Vätsäri lakes (Tammi et al 2003). However, the lakes in Vätsäri are in the early stage of
recovery and the increase in buffering capacity is not yet very clearly reflected in the pH. The
reason for the low alkalinity and pH values in some of the lakes in Raja-Jooseppi and the
reference area of Pallas is the higher amount of weak organic acids in the lakes.
An episodic decline of about 0,5 - 1,0 pH units was detected in Puollimvarrioja stream during
the spring flood. The lowest pH value was under 6, and some elevated total Al concentrations
were also recorded at the same time. The maximum Al concentrations were between 150 - 200
µg l-1. Total Al concentrations of at least 150 µg l-1 at a pH of between  5 - 6 have been reported
to cause high mortality in minnows (Norrgren et al 1991). The same kind of episodic pH
decline during spring flood has been documented in streams in northern Sweden, and the
natural and anthropogenic components of spring flood pH decline have also been quantified and
modelled (Bishop et al 2000, Laudon et al 2000). According to these studies, natural organic
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acids and dilution of the buffering capacity play an important role in depressing the spring melt
buffering capacity and pH in northern Sweden. In Puollimvarrioja, the SO4* deposition load
during winter also seems to have an influence on the spring water pH decline, but the
contribution of the individual components cannot be determined without using a model.
5. Recommendations
Because the water quality in streams is highly variable and dependent on the hydrological
conditions, long-term monitoring should be concentrated in lakes. Small headwater lakes are
considered to be the most sensitive to airborne pollution. In this study, the size and location of
the lakes in the catchment was not a selection criterion, and most of the lakes were smaller than
0,5 km2. In future monitoring on the effects of atmospheric deposition from the Pechenganickel
smelters, the monitoring network should concentrate on headwater or closed lakes smaller than
0,5 or 1 km2 which are not directly influenced by human impacts. In addition, episodic
acidification during the spring flood should be monitored intensively in some streams, for
example every 5 – 6 years.
There was high variation in the concentrations of many water quality variables in the
Pechenganickel area due to the presence of some extremely polluted lakes. The most polluted
lakes within a 30 km zone around the smelters should form their own sub-group in the
monitoring. Other areas which should be monitored in the future are acid-sensitive areas in the
Vätsäri and Jarfjord areas, and preferably also in Sør - Varanger. These areas are most likely to
respond to changes in deposition from Pechenganickel smelters. Water quality of a few (about
5) representative lakes should be monitored yearly in each area in order to obtain sufficient data
for statistical evaluation. A more extensive study on different types of lakes could be conducted
every 5 – 10 years (according to the Water Framework Directive every 6th year).
In the long-term monitoring of airborne pollution the autumn overturn has been proposed as the
index time for yearly sampling. This reduces the variance within the lake (circulation period),
both year-to-year and lake-to-lake, because sampling over a period of several weeks enables the
lakes to be sampled in similar conditions (Mannio 2001). Sampling at the same time is
recommended in future monitoring of the impacts of the Pechenganickel smelters.
There were slight differences in the variables analyzed in the different monitoring programmes,
and in some cases some essential variables were also missing. The recommended variables in
monitoring the effects of atmospheric deposition from the Pechenganickel smelters are listed in
Table 4.
Table 4. Recommended variables in monitoring the effects of atmospheric deposition from the
Pechenganickel smelters on the water quality of lakes. The most important key variables are in
bold.
Variables
Acidification pH, Conductivity, Alkalinity, Ca, Mg, Na, K, Cl, SO4, SiO2, TOC
Nutrients and common tot-P, tot-N, PO4-P, NO3-N, NH4-N, Turbidity, Colour, O2 CODMn
Heavy metals Ni, Cd, Cr, Cu, Pb, Zn, As, Mn, Al, Fe
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No NAME
Water
quality
Sedi-
ments
Sedimen-
tation Fish Benthos Country Area
Altitude
above
sea level,
m
Lake
area
km2
Small lake
(< 0,5 km2)
Medium
size or
large lake
(> 0,5 km2) Stream
1 Puollimvarrioja 53 X Finland Vätsäri (4) 90 X
2 Lampi 114 679 X Finland Vätsäri (4) 114 0,060 X
3 Harrijärvi H62 X X X Finland Vätsäri (4) 127 0,950 X
4 Vinkkelijärvi X Finland Vätsäri (4) 150 0,080 X
5 Pitkä-Surnujärvi V6 X X X Finland Vätsäri (4) 126 0,750 X
6 Lampi 3/88 X X RKTL X Finland Vätsäri (4) 240 0,050 X
7 Lampi 222 X X X X Finland Vätsäri (4) 222 0,260 X
8 Äälisjärvi X X Finland Vätsäri (4) 218 4,010 X
9 Joulujärvet V1 117001 X X Finland Vätsäri (4) 167 0,360 X
10 Joulujärvet V2 117002 X RKTL Finland Vätsäri (4) 161 0,210 X
11 Joulujärvet V3 117003 X RKTL Finland Vätsäri (4) 160 0,370 X
12 Joulujärvet puro 1 X RKTL Finland Vätsäri (4) n. 160 X
13 Surnujärvi V4 X Finland Vätsäri (4) 160 4,590 X
14 Lampi 1/88 118002 X RKTL Finland Vätsäri (4) n. 230 0,021 X
15 Lampi 2/88 118003 X RKTL Finland Vätsäri (4) n. 260 0,019 X
16 Lampi 4/88 120002 X RKTL Finland Vätsäri (4) 235 0,017 X
17 Lampi 5/88 120001 X RKTL Finland Vätsäri (4) 220 0,017 X
18 LampiI 219 6/88 121001 X RKTL Finland Vätsäri (4) 219 0,070 X
19 Lampi 7/88 122001 X RKTL Finland Vätsäri (4) 210 0,026 X
20 Lampi J11 119001 140021 X RKTL Finland Vätsäri (4) 235 0,046 X
21 Vuontinen lampi A X RKTL Finland Vätsäri (4) 136 0,071 X
22 Vuontinen lampi 129 läht B X RKTL Finland Vätsäri (4) 129 X
23 Vuontinen lampi Lähtevä C X RKTL Finland Vätsäri (4) 120 X
24 Vuontinen lampi 94läht D X RKTL Finland Vätsäri (4) 94 X
25 Vuontinen lampi läht F X RKTL Finland Vätsäri (4) 95 X
26 K. Aittojärvi 2 X X INEP Finland Vätsäri (4) 164 0,570 X
27 Mellalompolo X X INEP Finland Vätsäri (4) 149 2,270 X
28 Kalaton-Kampajärvi 416 X X Finland Raja-Jooseppi (5) 242 0,130 X
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29 Peuranampumajärvi 418 X X Finland Raja-Jooseppi (5) 209 0,080 X
30 Lampi D 49 X X Finland Raja-Jooseppi (5) 228 0,020 X
31 Keittämättömätjärvet 124 X Finland Raja-Jooseppi (5) 217 0,170 X
32 Takkireuhkajarvi D24B X Finland Raja-Jooseppi (5) 247 0,220 X
33 Saivojärvi X Finland Pallas (reference, 6) 259 0,640 X
34 Keimiöjärvi X X Finland Pallas (reference, 6) 332 0,590 X
35 Kivijärvi X X INEP Finland Pallas (reference, 6) 267 1,870 X
36 Rautujarvi 56 X Finland Pallas (reference, 6) 336 0,350 X
37 Sarvijarvi S4 X Finland Pallas (reference, 6) 325 0,360 X
38 Käyräjärvi 521 X Finland Pallas (reference, 6) 353 0,130 X
39 Hietajärvi Z41 X Finland Pallas (reference, 6) 351 0,210 X
40 Pachta r. X X RKTL Russia
Nikel - Pechenga
(1) X
41 Palojarvi l. X X Russia
Nikel - Pechenga
(1) 155 0,640 X
42 LN-2 l. X X X RKTL X Russia
Nikel - Pechenga
(1) 210 0,110 X
43 LN-3 l. X X X RKTL Russia
Nikel - Pechenga
(1) 280 0,050 X
44 Shuonijoki r. X Russia
Nikel - Pechenga
(1) X
45 Shuonijaur l. X X X INEP X Russia
Nikel - Pechenga
(1) 180 12,480 X
46 Haukilampi l. X Russia
Nikel - Pechenga
(1) 150 0,240 X
47 Russjanjoki r. X Russia
Nikel - Pechenga
(1) X
48 Stepanovinjarvi l. X X RKTL Russia
Nikel - Pechenga
(1) 210 ? ?
49 Velikjampjanjarvi l. X X RKTL X Russia
Nikel - Pechenga
(1) 120 0,090 X
50 Sarijarvi l. X X RKTL X Russia
Nikel - Pechenga
(1) 318 0,080 X
51 Soukerjoki brook X X RKTL Russia
Nikel - Pechenga
(1) X
52 Puldshjaur l. X X RKTL Russia
Nikel - Pechenga
(1) 187 ? ?
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53 Kivikkojarvi l. X X RKTL Russia
Nikel - Pechenga
(1) 255 ? ?
54 Rahpesjarvi l. X X RKTL Russia
Nikel - Pechenga
(1) 215 ? ?
55 Ritajarvi l. X X RKTL Russia
Nikel - Pechenga
(1) 290 ? ?
56 Kochejaur l. X X X INEP Russia Raja-Jooseppi (5) 133 3,200 X
57 Virtuovoshyaur l. X X X INEP Russia Raja-Jooseppi (5) 182 1,250 X
58 Kaskamajarvi l. X X Russia Paatsjoki (3) 69 2,360 X
59 Porojarvi l. X Russia Paatsjoki (3) 71 4,340 X
60 Laukkujoki r. X Russia Paatsjoki (3) X
61 Seigijoki r. X Russia Paatsjoki (3) X
62 Nautsijoki r. X Russia Paatsjoki (3) X
63 Skjellbekken riv. X Norway by INEP Paatsjoki (3) X
64 Spurvbekken riv. X Norway by INEP Paatsjoki (3) X
65 Ellenelva riv. X Norway by INEP Paatsjoki (3) X
66 Ellentja lake X X Norway by INEP Paatsjoki (3) ? ? ?
67 Isalombola lake X X Norway by INEP Paatsjoki (3) ? ? ?
68  Gjekvatn lake X X Norway by INEP Paatsjoki (3) ? ? ?
69 Sametijarvi lake X X Norway by INEP Sor - Varanger (2) ? ? X
70 Sameti riv. X X Norway by INEP Paatsjoki (3) X
71 Skrukkevatn lake X X Norway by INEP Sor - Varanger (2) ? ? ?
72 Tarnelva riv. X Norway by INEP Jarfjord (2) ? X
73 Langvatn lake X X Norway by INEP Jarfjord (2) ? ? ?
74 Kobbholmsvatn lake X X Norway by INEP Jarfjord (2) ? ? ?
75 Holmvatn lake X X Norway by INEP Jarfjord (2) ? ? ?
76 Guokkolobbalat lake X X Norway by INEP Jarfjord (2) ? ? ?
77 Gardsjoen lake X X Norway by INEP Jarfjord (2) ? ? ?
78 N-254 lake X X Norway by INEP Jarfjord (2) ? ? ?
79 Suopatjavre lake X X Norway by INEP Reference (6) ? ? ?
80
Stuorajavre-1 lake
reference X X X INEP Norway by INEP Reference (6) ? ? ?
81 Stuorajavre-2 lake X X X INEP Norway by INEP Reference (6) ? ? ?
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reference
82 Biggejavre lake reference X X Norway by INEP Reference (6) ? ? ?
83 Brannfjället 145m X RKTL Norway Sor - Varanger (2) 145 ? X
84 Brannfjället 166m X RKTL Norway Sor - Varanger (2) 166 ? X
85 Brannfjället 170m X RKTL Norway Sor - Varanger (2) 170 ? X
86 Brannfjället 173m X RKTL Norway Sor - Varanger (2) 173 ? X
87 Sametfjället114m X RKTL Norway Sor - Varanger (2) 114 ? X
88 Sametfjället 120m X RKTL Norway Sor - Varanger (2) 120 ? X
89 Sametfjället 152 m X RKTL Norway Sor - Varanger (2) 152 ? X
90 Sametfjället 159m X RKTL Norway Sor - Varanger (2) 159 ? X
91 Dalvatn X NINA X Norway Jarfjord (2) 132 0,245 X
92 Guoika Luobbalat X NINA X Norway Jarfjord (2) 186 0,118 X
93 Store Skardvatn X NINA X Norway Jarfjord (2) 236 0,598 X
94 Otervatn X NINA X Norway Jarfjord (2) 293 0,185 X
95 Første Høgfjellsv X NINA Norway Jarfjord (2) 243 0,159 X
96 Nitsijärvi X Finland 119 41,170 X
97 Nammijärvi X Finland 158 15,000 X
98 Sierramjärvi 1 X X Finland 254 1,080 X
99 Kantojärvi X X INEP Finland 168 0,360 X
100 Suovaselkajärvi X X INEP Finland 168 0,440 X
101 Trifonajarvi l. X Russia 13 5,080 X
102 Alla-Akkajarvi l. X X Russia 154 19,880 X
103 Keudsherjaur l. X Russia 211 4,660 X
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Variables and methods of Lapland Regional Environment Centre and other laboratories the
Finnish environment administration.
Variables Methods Notes
pH Electrometry
Conductivity Electrometry
Alkalinity Titrimetry
Turbidity Nephelometry
Colour Comparator method
O2 Redox titration (Winkeler)
K FAAS
Ca FAAS
Mg FAAS
Na FAAS
SO4 IC
SiO2 Spectrophotometry, FIA
Cl Titrimetric
CODMn Oxidation with KMnO4, + titrimetry
TOC IR
tot-P Peroxodisulfate oxidation, Spectrophotometry, FIA
tot-N Peroxodisulfate oxidation, Spectrophotometry, FIA
PO4-P Spectrophotometry, FIA
NO3-N Spectrophotometry, FIA
NH4-N Spectrophotometry
Ni ICP - MS or ICP - AES
Cd ICP - MS or ICP - AES
Cr ICP - MS or ICP - AES
Cu ICP - MS or ICP - AES
Pb ICP - MS or ICP - AES
Zn ICP - MS or ICP - AES
As ICP - MS or ICP - AES
Hg AAS (1995 - 2001), Atom fluorescence (2001 - >)
Mn Peroxodisulfate oxidation, Spectrophotometry
Al ICP - MS or ICP - AES
Fe Peroxodisulfate oxidation, Spectrophotometry
Monitoring measures Variables
Water quality pH, Conductivity, Alkalinity, Turbidity, Colour, O2, K, Ca, Mg, Na,
SO4, SiO2, Cl, CODMn, TOC
Nutrients tot-P, tot-N, PO4-P, NO2+3-N, NH4-N
Heavy metals Ni, Cd, Cr, Cu, Pb, Zn, As, Hg, Mn, Al, Fe
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Appendix 2.2
Variables and methods of Institute of North Ecological Industrial Problems.
Monitoring
measures
Variables
Water quality pH, Conductivity, Alkalinity, Turbidity, Color, O2, K, Ca, Mg, Na, SO4, SiO2, Cl,
CODMn, TOC
Nutrients tot-P, tot-N, PO4-P, NO2-N, NO3-N, NH4-N
Heavy metals Ni, Cd, Cr, Cu, Pb, Zn, As, Hg, Mn, Al, Fe
Variables Methods Notes
pH Potentiometry; ?H-meter M-82, Radiometer, Copenhagen pH-meter
Conductivity Conductometry; ?onductometer 660, Metrohm (Switzerland) conuctometer
Alkalinity Potentiometric titration;  Gran's method pH-meter+titrator
Turbidity -
Color spectrofotometry
O2 -
K Flame AES; AAS 460, Perkin - Elmer
Ca FAAS; AAS-360, Perkin - Elmer
Mg FAAS;AAS-360, Perkin - Elmer
Na Flame AES; AAS 460, Perkin - Elmer
SO4 Ion chromatography
SiO2 Spectrophotometry
Cl Ion chromatography
CODMn Titrimetry
TOC converting: CODMn*0.764 + 1.55
tot-P Digestion with peroxodisulfate and spectrofotometric  determi-
nation of blue phospho-molybdate complex (using ascorbic acid)
tot-N Spectrophotometric determination of nitrogen content of water
after oxydation by peroxodisulphate
PO4-P Spectrofotometric  determination of blue phospho-molybdate
complex (using ascorbic acid)
NO2-N Spectrophotometric determination of nitrogen content after
reduction of nitrate to nitrite by passage of the digest through a
copperized cadmium column
NO3-N Spectrophotometric determination of nitrogen content after
reduction of nitrate to nitrite by passage of the digest through a
copperized cadmium column
NH4-N Phenol-hypochlorite method
Ni AAS; Perkin - Elmer - 5000 with graphite atomizer HGA - 400
Cd AAS; AAnalyst - 800 with Zeeman - effect background correction
Cr AAS; AAnalyst - 800 with Zeeman - effect background correction
Cu AAS; Perkin - Elmer - 5000 with graphite atomizer HGA - 400
Pb AAS; AAnalyst - 800 with Zeeman - effect background correction
Zn AAS Perkin - Elmer - 5000 with Graphite Furnace HGA - 400
As AAS; AAnalyst - 800 with Zeeman - effect background correction
Hg Mercury atomizer FIMS - 100 (Perkin - Elmer)
Mn AAS; Perkin - Elmer - 5000 with graphite atomizer HGA - 400
Al AAS; Perkin - Elmer - 5000 with graphite atomizer HGA - 400
Fe AAS; Perkin - Elmer - 5000 with graphite atomizer HGA - 400
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Appendix 2.3
Variables and methods of Murmanskhydromet
Variables Methods Notes
pH electrometric pH-meter
Conductivity electrometric conuctometer
Alkalinity potentiometric PH-meter+titrator
Turbidity -
Color spectrofotometric
O2 TitrimetricWink
K Flamephotometry
Ca TitrimetricEDTA
Mg TitrometricEDTA
Na Flamephotometry
SO4 Turbidimetric
SiO2 spectrofotometric
Cl mercurimetric
CODCr Titrimetric2Cr
TOC -
tot-P photometric
tot-N -
PO4-P photometric
NO2-N Spectrofotometric Griss
NO3-N photometricCdRe
NH4-N photometricIndo
Ni GFAAS
Cd GFAAS
Cr GFAAS
Cu FAAS
Pb GFAAS
Zn FAAS
As GFAAS
Hg AAS
Mn FAAS
Al FAAS
Fe FAAS
Monitoring measures Variables
Water quality pH, Conductivity, Alkalinity, Turbidity, Color, O2, K, Ca, Mg, Na, SO4,
SiO2, Cl, CODMn, TOC
Nutrients tot-P, tot-N, PO4-P, NO2-N, NO3-N, NH4-N
Heavy metals Ni, Cd, Cr, Cu, Pb, Zn, As, Hg, Mn, Al, Fe
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           Appendix 2.4
Variables and methods for Norwegian Institute of Water Research (NIVA).
Variables Methods Notes
pH Electrometry
Conductivity Electrometry
Alkalinity Titrimetry
Turbidity Nephelometry
Color Spectrophotometry
O2 Redox titration (Winkeler)
K Ion chromatography
Ca Ion chromatography
Mg Ion chromatography
Na Ion chromatography
SO4 Ion chromatography
SiO2 ICP - MS or ICP - AES
Cl Ion chromatography
CODMn Oxidation with KMnO4, + titrimetry
TOC UV/peroxodisulfate oxidation, or
cathalytic combustion at 680 °C
tot-P Spectrophotometry, automated
tot-N Peroxodisulfate oxidation + spectroph.
PO4-P Peroxodisulfate oxidation + spectroph.
NO2-N Ion chromatography
NO3-N Ion chromatography
NH4-N Ion chromatography
Ni ICP - MS or ICP - AES
Cd ICP - MS or ICP - AES
Cr ICP - MS or ICP - AES
Cu ICP - MS or ICP - AES
Pb ICP - MS or ICP - AES
Zn ICP - MS or ICP - AES
As ICP - MS or ICP - AES
Hg Cold vapour Atomic absorption
Mn ICP - MS or ICP - AES
Al ICP - MS or ICP - AES
Fe ICP - MS or ICP - AES
Monitoring measures Variables
Water quality pH, Conductivity, Alkalinity, Turbidity, Color, O2, K, Ca, Mg, Na,
SO4, SiO2, Cl, CODMn, TOC
Nutrients tot-P, tot-N, PO4-P, NO2-N, NO3-N, NH4-N
Heavy metals Ni, Cd, Cr, Cu, Pb, Zn, As, Hg, Mn, Al, Fe
